Because chronic intestinal inflammation is a risk factor for colorectal cancer, we hypothesized that genetic variants of inflammatory mediators, such as mannose-binding lectin 2 (MBL2), are associated with colon cancer susceptibility. Here we report the association of 24 MBL2 single nucleotide polymorphisms (SNPs) and corresponding haplotypes with colon cancer risk in a case-control study. Four SNPs in the 3'-UTR region of the gene (rs10082466, rs2120132, rs2099902, and rs10450310) were associated with an increased risk of colon cancer in African Americans. Odds ratios (OR) for homozygous variants vs. wild-type ranged from 3.17 (95% CI, 1.57-6.40) to 4.51 (95% CI, 1.94-10.50), whereas the 3'-UTR region haplotype consisting of these four variants had an OR of 2.10 (95% CI, 1.42-3.12). The C allele of rs10082466 exhibited a binding affinity of miR-27a and this allele was associated with both lower MBL plasma levels and activity. We found that 5' secretor haplotypes known to correlate with moderate and low MBL serum levels exhibited associations with increased risk of colon cancer in African Americans, specifically as driven by two haplotypes LYPA and LYQC relative to the referent HYPA haplotype (LYPA: OR 2.60; 95% CI 1.33-5.08 and LYQC: OR 2.28; 95% CI 1.20-4.30).
Introduction
Cancer of the colon and rectum is estimated to be the third most common cause of cancer deaths in the United States in 2010 for men and women (1) . SEER age-adjusted colon and rectal cancer incidence and mortality rates show a decrease in both Caucasians and African Americans from 1992 to 2008 and 2007, respectively. Although these rates are decreasing in both races, they continue to be higher among African Americans when compared with Caucasians (2).
Chronic intestinal inflammation has been identified as a risk factor for colorectal cancer (3) . Additionally, inflammatory bowel disease, such as ulcerative colitis or Crohn's disease, is a risk factor for colon neoplasia, further supporting the role of chronic inflammation in the development of colon cancer (4) . Therefore, it is possible that functionally important genetic variants of inflammatory mediators, such as mannose-binding lectin 2 (MBL2), are also associated with susceptibility to colon cancer. MBL2, a gene on chromosome 10 (5), codes for a 32kDa plasma glycoprotein called mannose-binding lectin (MBL) which is a pattern recognition molecule of the innate immune system (6) . Functionally, MBL binds to a spectrum of sugars on pathogens, leading to their destruction by opsonization and phagocytosis and/or the activation of complement (6) , which can be activated by three distinct pathways: 1) the classical pathway, which recognizes via charge and hydrophobic clusters; 2) the alternative pathway, which recognizes via sugar and charge; and 3) the lectin pathway (7) . The lectin pathway recognizes neutral sugar clusters and is activated via binding of MBL to carbohydrate structures present on micro-organisms. This activation is mediated by the serine protease MASP-2.
MBL deficiency is common and present in approximately 5% of the population (7) . This deficiency predisposes individuals to bacterial, viral, and fungal infections. Additionally, altered serum levels have been found in the presence of six single nucleotide polymorphisms (SNPs) in 4 both exon 1 and the promoter of the MBL2 gene; these SNPs are in linkage disequilibrium and comprise seven different haplotypes known as the secretor haplotypes (6, (8) (9) (10) . Functionally, these SNPs have been shown to interfere with the formation of MBL oligomers leading to decreased compliment activation potential and possibly enhanced turnover (11) . Recent reports in the literature suggest that altered MBL2 genetic background is associated with risk of cancer.
Baccarelli, et al. reported that one of the variant MBL2 secretor haplotypes is associated with 3.5-fold increased risk of stomach cancer when compared to the most common haplotype (12);
whereas Wang et al. showed an association of a polymorphism in MBL2 codon 54 with advanced phenotypes of gastric cancer and increased risk of gastric cancer in Japanese patients 65 years old or younger (13). Olivo-Marston, et al. showed that secondhand smoke exposure during childhood is associated with increased risk of lung cancer among never smokers, specifically in those carrying a haplotype associated with high serum MBL levels (14) ; and Bernig et al. reported that an MBL2 3'UTR SNP was associated with decreased risk of breast cancer in African American women (15) .
MicroRNAs (miRNAs) are short non-coding RNAs that regulate gene expression through binding to cognate sequences, preferentially 3'-UTR regions, of mRNAs. Such binding has been shown to reduce protein translation as well as hasten mRNA degradation (16) . The degree of complementarity around nucleotides 2-7 of a miRNA, called the "seed" region, is the most important known determinant of recognition of an mRNA by a targeting miRNA (17) . These interactions, although restricted to a few nucleotides, can have profound effects on gene expression. Therefore, SNPs located in the 3'-UTR regions of genes, which traditionally have been considered less informative than coding or promoter SNPs, are now being more closely (a) hospital controls: among 1,598 screened, 1,399 completed eligibility screening, 308 were eligible, and 268 (87%) participated in the study; and (b) population controls: among 3,289 screened, 1,801 completed eligibility screening, 388 were eligible, and 350 (90%) participated in the study. Informed consent was obtained from all subjects, epidemiology questionnaires were administered and blood and/or tissue were obtained. The epidemiology questionnaire included personal history, family medical history, medical history, smoking/tobacco history, dietary information, and information on work environment. This study was approved by the Institutional Review Boards of the participating institutions.
Genotyping. DNA was isolated from buffy coat or colon tissue, using the Qiagen FlexiGene DNA Kit or the DNeasy Tissue Kit, respectively (Qiagen, Valencia, CA). Blood was used to obtain DNA from the cases; however when blood was not available, DNA was extracted from colon tissue (n = 127). We performed a sensitivity analysis removing the 127 cases with tissuederived DNA and determined that the observed associations using only blood-derived DNA (n = 134) were consistent with the observations using all cases. Cases and controls were genotyped for 24 MBL2 SNPs (Supplementary Table 1 ) at the National Cancer Institute Core Genotyping Facility (CGF), using validated assays that can be found on their website (20) . The case, control, and 10% duplicate samples were randomly distributed for order of processing, and samples were assigned a unique identification number that lacked identifiers. Staff at the CGF was blinded to the case, control, and duplicate statuses. Samples that failed to genotype were scored as missing.
Research.
on January 28, 2018. © 2012 American Association for Cancer cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
7
Duplicates for ten percent of all samples were genotyped for quality control, and concordance was >98% for the majority of SNPs. SNPs rs7096206, rs930508, and rs10450310 had a concordance of 97%; whereas rs930507, rs10082466, and rs2099902 had a concordance of 96%.
Samples found not to be in concordance were scored as missing and removed from the analysis.
All SNPs were in Hardy-Weinberg equilibrium; see Supplemental Table 2 for SNPs found to be associated with colon cancer risk.
Enzyme-Linked Immunosorbent Assays. Plasma samples from a subset (n = 450) of cases (n = 108) and controls (n = 342) and a minimum of 5% duplicates were assayed. These samples were selected for a parallel study being conducted in our laboratory. Ultimately, we determined this subset to be appropriate for use in this study because the demographic characteristics and haplotype frequencies for the subset of samples were similar to the overall study (Tables 1 -3, 5,   6 ). The case, control, and 5% duplicate samples were randomly distributed across plates and the samples were blinded. Plasma mannan-binding capacity was determined by a ligand-lectin solid-phase enzyme-linked immunoassay (Cell Sciences, Inc., Canton, MA). MBL C4-complement activation was measured by determining the ability of MBL/MASP complexes to initiate C4 cleavage when bound to mannan using a solid-phase enzyme-linked immunosorbent assay (Cell Sciences, Inc., Canton, MA). For the MBL C4-complement activation assay, only 449 samples were assayed due to depletion of one sample (n = 108 cases; 341 controls).
Luciferase reporter assays. Genomic DNA from two cases, each representing one of the two main 3'-UTR haplotypes of MBL2: TAAC and CGGT, was subjected to whole MBL2 3'-UTR amplification followed by cloning into a psiCHECK-2 vector (Promega, Madison, WI) that was modified using Gateway technology (Invitrogen, Carlsbad, CA). This vector contains a SV40 Statistical analyses were performed using Stata 11.2 (College Station, TX). Departures from Hardy-Weinberg equilibrium for each SNP were determined using a χ 2 test. Frequency distributions of the SNPs between African American and Caucasian controls and population and hospital controls were compared using a χ 2 test. Odds ratios (OR) and 95% confidence intervals (CI) were calculated using logistic regression adjusted for age (continuous) and gender. We adjusted for multiple comparisons using the Benjamini-Hochberg method (23) . To test trends across genotypes, the Cochran-Armitage test for trend was performed.
Mannan-binding capacity and C4-complement activation were compared between haplotypes associated with high, moderate, and low serum MBL levels using a Kruskal-Wallis test and tests for trend were performed using proportional odds models. These tests were also performed when comparing mannan-binding capacity and C4-complement activation between the 3'-UTR haplotypes. Tests for trend were not conducted in Caucasians for the 3'-UTR haploytpes because they only carry two haplotypes with a frequency >0.05. Mannan-binding capacity and C4-complement activation were compared between African Americans and Caucasians using a Mann-Whitney U test. For ELISA assays, correlations between duplicates were determined using Spearman's correlation. Spearman's rho = 0.97 for intraplate mannanbinding capacity (p-value <0.001); 0.95 for interplate mannan-binding capacity (p-value < 0.001); 0.98 for intraplate C4-complement activation (p-value <0.001); 0.58 for interplate C4-complement activation (p-value = 0.0073).
Comparison of MBL2 plasma levels and activity, associated with variants of rs10082466, was conducted using a Kruskal Wallis test with a post hoc Mann-Whitney U test. Relative luciferase levels generated by binding of hsa-miR-27a to the C or T allele of rs10082466 in the 3'-UTR of MBL2, were compared using an unpaired t-test with Welch's correction.
A p-value of less than 0.05 was used as the criterion of statistical significance, and all statistical tests were two-sided.
Results

Study Population and MBL2 Genotype Analysis
We investigated the relationship between 24 SNPs (Supplemental Table 1 ) across the MBL2 gene and risk of colon cancer among 261 colon cancer cases and 537 controls. The relevant demographic characteristics are given in Table 1 . The cases did not differ from any of the control groups (population, hospital, or total controls) in age, body mass index (BMI), or race; however, cases did significantly differ from each control group in gender. Cases had significantly more males than each of the control groups. Furthermore, the frequencies of genotypes for SNPs in which an association was detected significantly differed between Caucasian and African American controls (Supplemental Table 3 ). Therefore, all further genotype and haplotype analyses were performed stratified by race. Of note, the genotype frequencies we observed in the controls are similar to the genotype frequencies for these SNPs seen in the dbSNP (24) and variant GPS databases (20) for those of European and African descent, and therefore reflective of the general population. Additionally, the frequencies of genotypes for SNPs in which an association was detected did not differ between hospital and population controls for either Caucasians or African Americans; therefore, the results are presented using the total control group (Supplemental Table 4 ). The results of all non-significant genotype analyses are shown in Supplemental Table 5 .
MBL2 Secretor Haplotypes and Colon Cancer Risk
We examined the secretor haplotypes with a frequency >0.01, which captured >99% of all inferred haplotypes in both Caucasians and African Americans. The secretor haplotypes previously shown to correlate with moderate MBL serum levels (LYQA, LYPA) and low MBL serum levels (LXPA, LYPB, HYPD, LYQC) (6, (8) (9) (10) Table 2) ; and the adjusted p-values for these associations are significant (p-value = 0.03 for each haplotype). Similar associations were not seen in Caucasians. LYPA and LYQC are associated with moderate and low serum levels of MBL, respectively (6, (8) (9) (10) . Of the individual SNPs within the secretor haplotype, only rs1800451 showed a borderline association with colon cancer (OR 3.14; 95% CI 1.03-9.62) (Supplemental Table 5 ); however the adjusted p-value for this association was not significant. The other five SNPs in the secretor haplotype showed no association.
MBL2 Secretor Haplotypes and MLB Plasma Levels and Activity
We further investigated the MBL2 associations in our study using plasma from a subset of Caucasian and African American cases and controls (n = 450). Similar to the full dataset, cases (n = 108) did not differ from the total control group (n = 342) in age, body mass index (BMI), or race; however, cases did significantly differ from the total control group in gender (data not Table 3 ). The decreasing trend in plasma activity associated with the secretor haplotypes also corresponds to what was previously shown for serum levels. Median MBL levels were significantly lower in African American cases (195 ng/ml) when compared with Caucasian cases (561 ng/ml) for haplotypes LXPA, LYPB, HYPD, LYQC (associated with low serum levels) with a p-value of 0.016 (Mann-Whitney U test) (Table   3 ). Furthermore, we determined that median MBL activity levels do not differ between African American cases when compared with Caucasian cases (Table 3) . We did not observe these associations in either Caucasian or African American controls.
Research. capturing >99% of all inferred haplotypes in Caucasians and 97% in African Americans). We found that haplotype CGGT, which contains all variant alleles, was associated with increased risk of colon cancer in African Americans (OR 2.10; 95% CI 1.42-3.12) when compared with the referent haplotype TAAC (the most frequent haplotype; contains all wild-type alleles) ( Table 5 ).
Similar associations were not seen in Caucasians.
MBL2 3'-UTR Region Haplotypes and MLB Plasma Levels and Activity
We investigated the plasma levels and activity associated with the 3'-UTR region haplotype. Consistent with the full dataset, cases (n = 108) did not differ from the total control group (n = 341) in age, body mass index (BMI), or race; however, cases did significantly differ from the control group in gender (data not shown). Overall, the results were less consistent than those observed for the 5' secretor haplotype; however significant associations were observed. (Table 6 ). Tests for trend were not performed in Caucasians because they only carry two haplotypes with a frequency >0.05; however the homozygous variant was associated with significantly lower plasma levels in controls. In Caucasian cases, lower plasma levels were observed to be associated the CGGT haplotype, (Table 6 ). Similar to plasma levels, a decreasing trend in plasma activity was associated with the homozygous variant (TAAC) when compared with the TAGC or CGGT haplotypes. Additionally, we compared the plasma levels and activity between African Americans and Caucasians and found no significant differences in cases or controls with the exception of plasma activity in cases for haplotype TAAC (Mann-Whitney U test, p-value = 0.032) ( Table 6 ).
MBL2 3'-UTR Region Harbors a Polymorphic miRNA Site
We investigated whether the SNPs in this haplotype block fell within putative miRNA binding sites due to the observed association of 3'UTR region haplotypes and plasma MBL levels. Two publicly available web-tools: Patrocles (25) 
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information on 3'-UTR sequences, SNPs, and miRNA binding site predictions were used to identify SNPs that may alter predicted miRNA binding. Both databases predicted that the C allele of rs10082466 would likely create a binding target for hsa-miR-27a and hsa-miR-27b by generating a site with full complementarity to the 2-7 seed region ( Figure 1A) . Both hsa-miR27a and hsa-miR-27b share the same seed region and spectrum of predicted targets; however, hsa-miR-27a shares a greater degree of complementarity outside the seed sequence. Moreover, when examining colon cancer tissue, the fold increase of hsa-miR-27a precursor is significantly higher in African Americans when compared with Caucasians (data not shown). Therefore, functional studies were carried out using hsa-miR-27a. The interaction of hsa-miR-27a with the 3'-UTR region of MBL2 and its modulation by 3'-UTR haplotypes were tested in vitro using reporter constructs cloned from genomic DNA of two cases each representing one of the main two 3'-UTR haplotypes of MBL2: TAAC and CGGT. In this system, normalized luciferase activity is a reporter for binding of miRNA to the 3'-UTR cloned downstream. The increased binding affinity predicted for the C allele of rs10082466 was reflected by a significant decrease in normalized luciferase activity, compared with the negative control, in the presence of construct CGGT ( Figure 1B ). More importantly, the sensitive allele rs10082466C is associated with lower plasma MBL levels ( Figure 1C ) and activity ( Figure 1D ) in cases and controls, as would be expected for a regulatory interaction involving a germline polymorphism.
Discussion
The primary hypothesis of our study is that variations in MBL2 genetic background alter susceptibility to colon cancer. Our results suggest that variations in both the secretor haplotype and 3'UTR region of the gene increase colon cancer risk in African Americans; whereas similar 
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observations were not seen in Caucasians. We investigated whether plasma MBL levels and activity were altered in relation to the variants associated with increased risk of colon cancer.
Our results suggest that the secretor and 3'UTR region haplotypes are associated with altered MBL plasma levels; however the results observed for plasma activity were less consistent.
Furthermore, we showed evidence that one SNP in the 3'-UTR (rs10082466) may alter predicted miRNA binding, thus accounting for the lower plasma MBL levels.
Our results for the 3'-UTR region and secretor haplotypes are consistent with previously published studies that show these haplotypes modify serum levels (9,10,27,28). Additionally, we did confirm that genetic variation in the 5'-region of the gene is associated with both altered MBL plasma levels and activity in both Caucasians and African Americans. Interestingly, the median MBL plasma levels for haplotypes LXPA, LYPB, HYPD, and LYQC are lower in African American cases when compared with Caucasian cases. This correlates with previous reports that low serum MBL levels are more prevalent in populations from Africa. It has been suggested that low serum MBL levels have been selected for in African countries due to the protection that the lower levels provide against the deleterious effects of certain infections by intracellular bacteria and parasites (9) .
It is possible that higher MBL plasma levels enhance immunological surveillance against colon neoplasia and, in turn, provide protection against the onset of disease. It has been shown that MBL recognizes and binds to oligosaccharide ligands expressed on the surfaces of human tumor cells, including a human colorectal carcinoma cell line SW1116 (29) . Furthermore, MBL has been shown to inhibit tumor progression by MBL-dependent cell-mediated cytotoxicity (30) .
Thus, those individuals carrying the HYPA haplotype, which is associated with the high serum concentration of the protein, may be less susceptible to the onset of colon cancer. Our study results are supported by a previous study which found an association between an MBL2 haplotype associated with lower serum concentrations and increased risk of stomach cancer in a population-based case-control study in Warsaw, Poland (12) .
We only observed evidence for increased susceptibility to colon cancer in African Americans. It has been shown that MBL serum concentrations correlate with the MBL2 secretor haplotypes in distinct populations (31) and we observed a similar correlation with MBL plasma levels in both Caucasians and African Americans in our study. Additionally, we observed differential levels of MBL activity correlating with the secretor haplotypes in both groups.
These results suggest that similar functional consequences of the serum/plasma levels should be observed between races. However, we also observed that those African American and Caucasian cases carrying the haplotypes associated with low MBL serum levels differed in MBL plasma levels. Furthermore, the African American cases had lower MBL plasma levels when compared with Caucasian cases for these specific haplotypes. We did not see similar associations when Caucasian controls were compared with African American controls. This may account in part for the increased risk we see associated with colon cancer in those African Americans carrying specific haplotypes. It should be noted that although the cases have overall higher MBL levels and activity when compared with controls, this does not negate the possibility that the lower levels seen in African Americans could be associated with risk of developing cancer. Higher MBL levels in cases have been previously reported in the literature (32, 33) ; and it has been suggested that this observation may be because MBL is a marker of inflammatory response associated with having the disease. 
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It is also plausible to hypothesize that the serum/plasma MBL levels may interact with additional genetic and/or environmental risk factors in which African Americans are exposed that we have not identified in our study. It has been shown that Caucasian individuals carrying the HYD haplotype, which is a truncated version of the HYPD haplotype, and a variant of IL-1β at position -511 have an increased risk of stomach cancer (12) . Furthermore, it is possible that the colonic microbiota differ between African Americans and Caucasians. Evidence suggests that diet directly influences the bacterial diversity of the microbiota (34), therefore differences in diet between Caucasian and African American populations could influence the colonic microbiota. Thus, the increased susceptibility to colon cancer seen in African Americans in this study may be due to the response this specific population has to the lower levels of MBL when compared with Caucasians.
We also investigated the potential functional implications of the observed association of the 3'UTR region genotypes with increased risk of colon cancer and found that one of the associated SNPs leads to differential miRNA binding. Specifically, we found that more efficient binding of hsa-miR-27a to the risk-associated allele of MBL2 is consistent with lower levels and activity of MBL found in rs10082466C carriers. Of note, it was indicated in an earlier report investigating the association of MBL2 3'-UTR haplotypes and breast cancer risk in African Americans that carriers of the risk haplotype had lower MBL serum levels, although the association was only borderline significant (15) . In our study, we observed a similar trend in cases and controls, regardless of race; therefore, the question of how this functional association explains the robustly increased colon cancer risk in African Americans still remains.
Interestingly, evidence for differential miRNA expression associated with race is starting to 
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emerge (35, 36) . Therefore, it is possible that expression of hsa-miR-27a in liver tissues, which is where MBL is mainly expressed, differs in African Americans when compared with Caucasians.
When colon cancer tissue was examined, we could not show differential expression of mature hsa-miR-27a between African Americans and Caucasians; however we were able to demonstrate the fold increase of hsa-miR-27a precursor to be significantly higher in African Americans when compared with Caucasians (data not shown). A limitation of our study is that we have been unable to reliably quantify MBL2 protein expression in cultured cells or conditioned media, thus the correlation between rs10082466 and MBL2 expression levels could not be readily tested in vitro.
In addition to their functional association with miRNAs, it cannot be ignored that the 3'-UTR SNPs may be in linkage disequilibrium with another functional SNP not identified in our study. Bernig, et al. have shown that the CGGG 3'-UTR haplotype is most frequently seen in linkage with the truncated secretor haplotype 0, which also includes the secretor haplotype LYQC (28) . We have observed similar results in that the CGGT 3'-UTR haplotype is most frequently seen in linkage with the truncated secretor haplotype 0 (data not shown). Therefore, the associations of the secretor haplotypes (LYPA, LYQC) and at the 3'-end of the gene could also represent an epistatic effect.
The main limitation of this study is the small sample size; therefore the observed associations will need to be replicated in a larger study. Additionally, further studies to elucidate the underlying biological mechanisms associated with MBL levels and the differences between colon cancer susceptibility in African Americans and Caucasians are warranted.
Research. 
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In conclusion, our study supports the hypothesis that MBL2 genetic variation in both the 3'-and 5'-region of the gene increase susceptibility of colon cancer, but only in African Americans. We also show that the genetic variation observed alters plasma MBL levels and activity. In the 3'UTR region, we showed that hsa-miR-27a more efficiently binds to rs10082466C which is consistent with the lower plasma MBL levels and activity observed.
However, further studies are warranted to validate the associations we have observed in our study. (25) 149 (49) 158 (51) 106 (46) 124 (54) 255 (47) 282 (53) Race; n (%) African American Caucasian 103 (39) 158 (61) 127 (41) 180 (59) 74 (32) 156 (68) 201 (37) 336 (63) a Statistically significant; p-value < 0.05 vs. each control group. 
